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Abstract
Two proxies able to determine the sign of the at-
mospheric stability in the absence of temperature
measurements were investigated using data from
four forested sites in Sweden. The results indicate
that the simple proxy based on the time of the day
when the measurement was taken was sufficient
to identify approximately 75% of the stable occur-
rences. However, also during daytime, stable strat-
ification was not infrequent. A criterion based on a
combination of the local turbulence intensity and
shear exponent was therefore also investigated,
and the combination of the two criteria was able
to estimate approximately 90% of the overall sta-
ble data.
When selecting data with mean wind speeds
over 5 m/s at 80 m height, the presented data sets
include mostly data where temperature effects are
small (near-neutral), followed by stable data. Only
few occurrences of unstable conditions were any-
way observed.
The investigated data sets show large variation
of shear and turbulence intensity with increasing
stability, indicating the need for proxies that also
can be used to characterize the degree of atmo-
spheric stability.
Keywords: Atmospheric stability, Obukhov length,
Richardson number
1 Introduction
Thermal stratification is an important property of
the atmospheric boundary layer [1]. During night
time, the ground is generally colder than the air
above and fluctuations of cold (heavy) fluid parcels
are dampened. When this is the case, the bound-
ary layer is generally defined as stable. Otherwise,
when the ground is warmer than the air above
(usually in day time due to the solar heating), fluc-
tuations of warm fluid parcels near the ground are
enhanced by the temperature gradient. This con-
dition is named unstable and it is associated to the
presence of an enhanced turbulence, as mixing
is promoted by thermal convection besides being
driven by mechanical turbulence. The intermedi-
ate situation, where there is no or minimal temper-
ature difference between the ground and the air
above, is named as neutrally stable and the turbu-
lence has only a mechanical nature.
Thermal stratification is not an on-off process
and its importance is often evaluated in terms
of gradient Richardson number, Ri, or Obukov
length, L, with definitions [1]
Ri =
g (dΘ/dz)
Θ (dU/dz)2
, (1)
L = −
u3
∗
Θ
κg < w′θ′ >
, (2)
where g is the acceleration of gravity, Θ is the lo-
cal mean potential temperature, < w′θ′ > is the
vertical heat flux, u∗ is the friction velocity and
κ ≈ 0.4 is the von Ka´rma´n constant. To calcu-
late the Richardson number the mean temperature
profile is needed, while the Obukhov length ne-
cessitates of a measure of the vertical heat flux,
< w′θ′ >, a task usually performed by means
of a tri-axial sonic anemometer. However, mete-
orological towers used for wind-resource assess-
ment are generally equipped with cup anemome-
try and seldom with temperature sensors at mul-
tiple levels. The instrumentation is generally suf-
ficient to provide the desired information to allow
the analysis of a proposed wind farm, according
to the highest standard and following the IEC rec-
ommendations [2], but such instrumentation is not
always sufficient to characterize the thermal strat-
ification through the Ri or L parameters and the
stability classification is not often performed. If
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a large area is intended to be studied by means
of one or several masts (and especially in pres-
ence of factors such as complex terrain, forestry
or strong stability effects), Computational Fluid Dy-
namics (CFD) methods can provide additional re-
liable data with a small error in the wind-flow pre-
dictions [3, 4]. The use of an erroneous character-
ization of the buoyancy affecting the flow and the
turbulent diffusion can be associated to significant
mismatches between the measurements and the
numerical simulations (see for instance [5]), moti-
vating the present study.
It is known that the atmospheric stability is a
highly complex process, but the aim of this work
is to introduce proxies that can be used with rel-
atively limited information to determine the sign of
the temperature vertical gradient or the vertical tur-
bulent heat flux or the Obukhov length. For the
sake of simplicity, whenever the Richardson num-
ber (or the Obukhov length) will be positive, the
boundary layer will be named as stable (therefore
including neutral cases weakly stable) and simi-
larly for the unstable cases.
Several methods have been proposed to assess
the stability condition from limited information, in-
cluding cases where even the temperature profile
is unknown. Heuristically, it is known that sta-
ble conditions are associated to low turbulence
intensity and, as turbulent mixing is attenuated,
to high wind shear, while unstable conditions are
otherwise associated to significantly higher turbu-
lent fluctuations and lower shear. However, the
available methodologies have been calibrated with
data measured over homogeneous low-roughness
lands, and it is expected that they must be modi-
fied over complex terrains and forests in particular.
The aim of the present work is to validate and
compare the proxies used to estimate the strat-
ification conditions. To do so, four Swedish for-
est sites have been characterized, where either
the Obukhov length or the Richardson number has
been measured.
2 Sites description
For all the sites it has been required that the wind
velocity at z = 80 m must be greater than 5 m/s
(for Site 4 the requirement was applied at z = 38.4
m with a velocity higher than 3 m/s since this was
the highest measurement point available) to ex-
clude conditions of low wind speed dominated by
thermal convection, that are of little interest for the
wind-energy community. Each site has been char-
acterized in a given sector where the forest prop-
erties are nearly homogeneous by means of mea-
surement campaigns lasting several years. The
data are presented, unless stated differently, for
a wind direction sector which has consistent ex-
posure to the forestry and which is between 40 de-
grees and 60 degrees wide, depending on the site.
The measured data have been subject to quality
screening in order to remove any suspect data.
2.1 Site 1
The Site is located in the central part of Sweden
and the 80 m tall mast is installed in a clearing sur-
rounded by dense forestry. The terrain can be con-
sidered relatively simple and data have been col-
lected for approximately 2 years at several heights.
Temperature data were available at z = 3 m and
80 m, while wind-speed measurements at z = 35
m, 50 m and 80 m. The wind speed has been ex-
trapolated to 3 m by means of a power law and
used in equation (3). Wind direction data were
measured at approximately 80 m. The mast has
been installed according to best-practice industry
standards and the measurements are available on
a 10-minute basis average by means of calibrated
IEC Class 1 anemometers. The forestry is a typical
evergreen North-European forestry for commercial
use and the mast is exposed to trees which are few
meters high at the end of the clearing and shortly
after approximately 25 m high for the prevailing
wind direction. As usual for this area, patches of
forestry are observed together with clearings. The
calculation of the Richardson number has been
here performed by means of the approximate for-
mula
Ri =
g∆z2 ((T1 − T2) /∆z + Γd)
T2 (U1 − U2)
2
, (3)
where the suffix 1 refers to the higher level, 2 to
the lowest, ∆z = z1 − z2 and Γd ≈ 0.01 K/m is the
adiabatic lapse rate.
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2.2 Site 2
The Site and measurement system is similar to
Site 1, albeit the 80 m tall mast is installed in a
terrain with a higher degree of complexity. The
forestry is dense but generally more uniform than
Site 1. It has a predominance of tree heights of
approximately 7 m. The Richardson number has
been computed here by means of equation (3).
2.3 Site 3
The experiment took place in Ryningsna¨s in Swe-
den, which is located 30 km away from the
Swedish south-eastern coast. The landscape in
this part of Sweden is forested, but due to both in-
tensive forestry as well as natural variations, the
land cover is generally not homogeneous. The
138 m tall meteorological mast was located in the
northwestern corner of a 200 m by 250 m large
clearing, surrounded by a forested area consisting
of predominantly Scots Pine trees. The maximum
height of the trees near the mast varied between
20 and 25 m. Since the tall trees are mixed with
shorter ones, a mean canopy height of hc = 20 m
is estimated. The terrain in this area is generally
flat with only mild variations in height close to the
tower. Six sonic anemometers were mounted at
z =40, 59, 80, 98, 120 and 138 m covering a re-
gion between 2 and 7 canopy heights. Since sonic
anemometers were available, the stability condi-
tion has been here determined by means of the
Obukhov length. A detailed description of the Site
and the used instrumentation has been reported
by Bergstro¨m et al. [6].
2.4 Site 4
The Skogaryd Site is located approximately 50 km
from the west coast of Sweden and 10-40 km from
the large lake Va¨nern. The forest is very homoge-
neous only within a radius of 100 m in the eastern
direction to 280 m in south-west. The experiment
utilized a 38 m tall mast. The forest immediately
surrounding the mast is an approximately 50 years
old Scots Pine forest. Near the mast, the forest
height was estimated to be 24-28 m, where the
upper range was reached by a tall deciduous tree
to the west of the mast. On the mast, six sonic
anemometers were mounted at z =1.2, 6.5, 12.5,
18.5, 31.0 and 38.4 m above local ground level.
Similarly to Site 3, the stability condition has been
here determined by means of the Obukhov length.
More details about the Site and the velocity mea-
surements can be found in Bergstro¨m et al. [6].
3 Results
Since four sites are available, it is of interest to
compare the histograms of the Richardson number
and Obukhov length to determine the most proba-
ble stability condition over forested areas. Figure
1 shows such a comparison and it can be clearly
evinced the presence of an asymmetric distribu-
tion where stable stratifications are more frequent.
Strictly speaking, in the limit of Ri → 0 or |L| →
∞, stratification effects become negligible and the
neutral limit is recovered. In practice, physically-
based thresholds are defined to mark the transi-
tion between the neutral state and stable/unstable
states. For instance, |Ri| < 0.02 or hc/ |L| < 0.02
generally identify the neutral region in the atmo-
spheric boundary layer over forested areas where
the φ function for the momentum transfer deviates
less than 10% from the neutral condition [7]. How-
ever, in the present work we will avoid the intro-
duction of such thresholds, focussing instead on
counting the number of stable/unstable states as
based on the sign convention.
The first proxy that is analyzed here is based
on the Time of the Day (ToD) that does not even
need velocity measurements. The purpose of in-
vestigating this proxy is the obvious simplicity en-
tailed by the procedure. Figure 2 shows the aver-
age stability parameters, Ri and hc/L, as function
of the time of the day with some error bars indicat-
ing the standard deviation of the stability param-
eter at that time bin. It can be immediately ob-
served that at night most of the stratification is sta-
ble (with an average Obukhov length of the order
of L ≈ 150− 200 m), while in day time the average
stratification becomes near neutral and both stable
and unstable conditions are equally frequent. This
observation identifies a first simple criterion to sep-
arate stability regimes based just on the ToD, since
after 17:00 and before 6:00 the flow can be in fact
considered as mostly stable. It is also interesting
that, by assuming a transition Obukhov length of
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Figure 1: Histogram of the Richardson number (for Sites 1 and 2) and inverse Obukhov length (for Sites
3 and 4).
hc/ |L| = 0.02, the stratification is nearly neutral in
day time, but in night time this approximation is no
longer valid and stratification effects must be taken
into account. The transition between the near-
neutral condition and the stable stratification hap-
pens approximately at 6:00 and 17:00 in all sites.
The reference lines at Ri and hc/L at ±0.02 are
included in the plot for reference.
In Table1, the percentage of success of the ToD
criterion in the stability classification of the 4 sites
available: while the criterion is successful at the
identification of stable conditions during night time
(with limited false stable cases), it is unsuccessful
during day-time as nearly half of the occurrences
are still stable. It is indeed clear that during day-
time another proxy must be used to provide a reli-
able characterization of all the available points.
As discussed in section 1, stable stratification is
associated to low turbulence diffusion, namely to
low turbulence intensity (here defined as the ratio
between the wind speed standard deviation and
the mean wind speed at z = 80 m) and strong wind
speed increase with height. This is clearly demon-
strated in figure 3 where data measured in Sites
1 and 3 are shown. Data from Site 3 show clear
trends in both α, evaluated by means of the expo-
nent of a fitting power law of the form U = Azα,
and Turbulence Intensity (TI) with the stability pa-
rameter hc/L, and data from Site 1 show a sim-
ilar trend for the turbulence intensity. For Site 1,
α first increases strongly with increasing stability
and then decreases for Ri >0.2. This could be
due to the uncertainty in the estimation of both
the Richardson number (where measurements at
different heights might detect small temperature
differences of the order of the sensors accuracy)
and shear exponent (here based on a best fit of
3 points only) or it could indicate a complete de-
coupling between the surface and the atmosphere.
The shear values measured at Site 3 are better de-
fined as determined over 6 points. Also, the stabil-
ity parameter is determined by a sonic anemome-
ter. However, Site 1 is equipped with standard
instrumentation used in wind-energy site assess-
ment, while Site 3 is designed for scientific stud-
ies. The measured Richardson number is there-
fore subjected to measurement uncertainty and
this explains why in the present work we have fo-
cussed mostly on the sign of the stability rather
than its value.
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Figure 2: Averaged Richardson number and inverse of the Obukhov length as function of ToD. The
error bars indicate the standard deviation of Ri or hc/L for the given time bin. The dashed lines indicate
Ri = ±0.02 or hc/L = ±0.02.
Table 1: Performance of the ToD criterion in the identification of stable/unstable conditions
Site True stable (%) False stable (%) True unstable (%) False unstable (%)
1 53.2 2.6 23.3 20.9
2 53.0 3.8 31.3 12.0
3 54.1 2.2 23.0 20.7
4 49.6 0.4 24.1 25.8
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Figure 3: Shear exponent (magenta dots) and turbulence intensity (black dots) as function of the stability
parameter for Sites 1 and 3.
In Figure 3, a new proxy based on a combination
of the local shear, α, and of the turbulence intensity
is suggested. Figure 4 shows the scatter plot be-
tween these two variables including both day and
night data for Sites 1, 2 and 3 (the mast located at
Site 4 was not extending over the canopy enough
to calculate the parameters of this proxy). There
is a rather large overlapping region which prevents
this proxy to be the only approach required for the
classification of the stability at the sites. However,
it can be noted the existence of two distinct regions
where stable conditions and unstable conditions
do not overlap significantly. The threshold between
these two regions is approximately marked by the
average turbulence intensity and shear observed
at 6:00 and 17:00 (denoted as TI6−17 and α6−17,
respectively). If TI < TI6−17 and α > α6−17 the
condition can be identified as stable. If otherwise
TI > TI6−17 and α < α6−17 the condition can be
identified as unstable. Outside these two quad-
rants, the mixture of stable and unstable conditions
does not allow to classify the stratification condi-
tion without significant error.
In Table 2, the percentage of success of the cri-
terion based on the turbulence intensity and shear
in the analysis of day-time data points is reported.
The criterion is able to identify further stable con-
ditions (with limited number of false stable) with
a reasonable identification of unstable conditions
too. A combination of the two discussed proxies
can now be proposed by first applying the crite-
rion based on the ToD and subsequently the crite-
rion based on shear/TI on day-time points to fur-
ther classify some realizations. Namely, a sta-
ble point is either a realization occurring between
17:00 and 6:00 or a day-time realization such that
TI < TI6−17 and α > α6−17. The equivalent cri-
terion for unstable condition is not proposed here
since a significant number of unstable realizations
will not be classified. Table 3 reports the percent-
age of stable conditions identified by the proposed
proxy combination with respect to the total num-
ber of stable data points. As visible from the ta-
ble, while the ToD proxy is able to identify a sig-
nificant part of stable conditions, the combination
of the two improves the performance of the es-
timator that underestimates the number of stable
occurrences. Interestingly, if the percentages are
performed on the number of significantly stable re-
alizations (where Ri ≥ 0.02 or hc/L ≥ 0.02), the
percentages are higher than unity so that it can
be concluded that the number of practically rele-
vant stably stratified conditions is slightly overesti-
mated since many near-neutral conditions are also
accounted.
4 Conclusions
In the present study, a simple criterion based on
time-of-day together with a combination of tur-
bulence intensity and shear thresholds has been
proved to effectively identify the majority of the sta-
ble conditions over forested sites. The authors had
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Figure 4: Turbulence intensity plotted against shear for Sites 1, 2 and 3, normalized with the mean
turbulence intensity and shear observed at 6 and 17, respectively. Blue dots indicate points with stable
stratification conditions while red dots indicate unstable conditions.
Table 2: Performance of the shear/TI criterion in the identification of stable/unstable conditions for day-
time points only.
Site True stable (%) False stable (%) True unstable (%) False unstable (%)
1 19.0 0.7 46.3 12.2
2 11.3 1.4 62.5 6.5
3 13.6 0.4 48.5 21.2
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Table 3: Performance of the combination of the shear/TI criterion with the proxy based on the ToD in the
identification of stable conditions. Percentages are here referred to the number of total stable conditions
and to the number of significantly stable realizations (where Ri ≥ 0.02 or hc/L ≥ 0.02).
Site Stable (only ToD) (% Stable) Stable (ToD & shear/TI) (% Stable)
1 75.3 87.1
2 87.4 95.9
3 75.3 83.5
Site Stable (only ToD) (% Stable with Ri ≥ 0.02) Stable (ToD & shear/TI) (% Stable with Ri ≥ 0.02)
1 103 119
2 96 105
3 124 137
access to detailed and high-quality measurements
to compare the methodology proposed in this pa-
per with the results from a stability classification
based on the Obukhov length or on the Richard-
son number. An important finding is therefore that
proxies for classification of the stability of the at-
mospheric boundary layer can be also found in the
absence of temperature measurements at multi-
ple levels or tri-axial sonic anemometers. Addi-
tional meteorological masts, not discussed in the
present work, demonstrated the same proxy accu-
racy. It is also shown that the atmospheric bound-
ary layer over forests is predominantly near neutral
or stable. Measurements with significantly unsta-
ble stratification are less likely and do not need to
be taken into account to determine the wind re-
source over forested areas.
This approach to analyze atmospheric stability
has provided consistent results across all four sites
and it can be used for improving wind-speed sim-
ulations by means of numerical models, such as
stable CFD, which require the identification of the
percentage number of stability conditions together
with an estimation of the Obukhov length (here
found of the order of L ≈ 150 − 200 m). The ap-
proach could easily be refined by taking the ac-
tual day-length into account or site-based thresh-
olds on the wind shear and turbulence intensity at
a reference level.
The application of stable CFD models has
stepped into a key role alongside traditional linear
models and can help reduce wind-flow modeling
errors, leading to better project refinances and ul-
timately lowering the cost of wind energy. Knowl-
edge of stability conditions over forests is not a
trivial task and the proxies presented in this work
identify a simple and effective methodology to bet-
ter understand atmospheric boundary layers and
to improve the actual CFD model results, as re-
cently discussed by [5].
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